Recently, a simple sequence repeat (SSR)-based genome-wide diversity scan of Sorghum bicolor (L.) Moench identifi ed several candidate loci with patterns of variation consistent with directional selection in cultivated lines. Data were insuffi cient, however, to determine if selection had actually occurred at or near candidate SSR loci or if the unusual diversity patterns observed were due to the effects of demographic factors such as population bottlenecks or mating system. In the present study, we collected DNA sequences from 10 segments within a 99 kb region fl anking one of the previously identifi ed candidates, SSR locus Xcup15, located near the distal end of chromosome 1. We performed statistical tests both to address alternative hypotheses to selection and to aid in localizing the selection target. Analyses of genomic DNA sequences from a panel of 17 cultivated and 13 wild accessions indicated that cultivated lines had reduced diversity in this region (about one-third of the diversity present in wild sorghums) and a moderate degree of differentiation was observed between cultivated and wild groups (F st = 0.15). Several features of the data support the hypothesis that recent directional selection shaped diversity patterns around Xcup15, including overall low levels of variation and extensive haplotype structure (a predominant haplotype occurred over the 99 kb region) in cultivated sorghum, and a derived fi xed difference at the 5' untranslated region (UTR) of a protein phosphatase 2C (PP2C) gene between cultivated and wild sorghums. Moreover, two of the four tests employed to detect deviations from the neutral, equilibrium model, the Hudson Kreitman Aguadé (HKA), and the composite likelihood ratio (CLR) tests indicated that patterns of diversity in the Xcup15 region were consistent with a selective sweep. Although we were unable to rule out demography as a possible explanation for the diversity patterns observed along this region, this study supported previous fi ndings based on SSR diversity and identifi ed candidates for the target of selection; the confi rmation of which will require functional and association studies.
During the past decade, SSRs have been exten sively used for quantifying neutral genetic diversity in plant in situ populations and ex situ germplasm collections (Garris et al., 2005) . Although a great deal of valuable genetic information for managing both in situ and ex situ collections has been generated, these studies have been retrospective rather than predictive (Kreso vich et al., 2006) . It would be desirable, therefore, to use information gathered by such analyses to con cur rently identify agronomically or horticulturally useful diversity. With this point in mind, we have recently used population genetics-based analysis of genome-wide SSR diversity in S. bicolor to locate candidate genomic regions that may have undergone diversifying and, in particular, directional selection .
Population genetics theory predicts that intense directional selection, as would be experienced during crop domestication, is expected to dramatically reduce variation at the genomic target of selection and at linked neutral loci, a phenomenon known as genetic hitchhiking (Maynard Smith and Haigh, 1974) . ing in the selected region initially result in a skew in the site frequency spectrum (i.e., excess of rare alleles). Selection might also lead to genetic differentiation as a consequence of allele frequency shift s between selected and nonselected populations (e.g., a domestication-associated allele will quickly increase in frequency in the cultivated populations).
In a genome-wide scan of diversity at neutral markers such as SSRs, loci that show unusual patterns of allelic variation relative to genome-wide averages (i.e., locus-specifi c reductions in diversity, excess of rare alleles, or increased population diff erentiation) may be linked to targets of selection. Genome-wide scans of diversity have been used in this manner to identify candidate genomic regions in organisms such as humans, Drosophila, Arabidopis, and maize (Zea mays L.) Kauer et al., 2003; Kayser et al., 2003; Aranzana et al., 2005) . Once a candidate region has been identifi ed, it may be possible to identify the target by surveying adjacent genomic regions and looking for a return to neutral patterns of variation (Schlotterer, 2003) . Sorghum bicolor, a tropical grass probably domes ticated in eastern Africa 3000 to 6000 years ago (Kimber, 2000) , is the fi ft h most important grain crop worldwide (FAO, 2004) . Because of its ability to tolerate drought, soil toxicities, and temperature extremes more eff ectively than other cereals includ ing maize, grain sorghum is a pillar of food security in the semiarid zones of western and central Africa. Sorghum's global socioeconomic importance has prompted substantial interest in characterizing levels of genetic diversity using molecular markers (Dje et al., 2000; Grenier et al., 2000; Menz et al., 2004) . More recently, studies of DNA sequence diversity (Hamblin et al., 2004 have indicated that sorghum has both lower nucleotide diversity and more extensive linkage disequilibrium (LD) than maize. Compared with more distantly related rice (Garris et al., 2003) , however, sorghum has less extensive LD.
Recently, an SSR-based genome-wide scan of diversity in S. bicolor identifi ed several loci with patterns of variation deviating from neutral expectations , but data were not suffi cient to determine whether the apparent signal of selection resulted from a true selective event or from demographic factors such as population bottlenecks or mating system. For example, bottle necks can produce locus-specifi c eff ects that resemble the eff ects of directional selection (Th ornton and Andolfatto, 2006) , and the degree of genetic diff er en tiation between populations is usually higher in self-pollinating species than in outcrossers, independent of selection (Hamrick and Godt, 1996) .
Here, we sequenced a bacterial artifi cial chromosome (BAC) clone containing the previously identifi ed candidate SSR locus, Xcup15, which exhibited the highest genetic diff erentiation between wild and cultivated S. bicolor (F st = 0.76) . We also collected and analyzed DNA sequence data from a panel of 17 cultivated and 13 wild sorghum accessions to determine if patterns of variation in this region of the S. bicolor genome show evidence of a domestication-related selective sweep.
Materials and Methods

Comparative Analysis
Identifi cation of BAC Clones Containing Candidate SSR and Sequencing
As reported in an earlier study, primers that amplify candidate SSR locus Xcup15 were developed from the DNA sequence of S. bicolor restriction fragment length polymorphism probe pSB1790 (Schloss et al., 2002) . Th e BAC clones from BTx623, an elite S. bicolor inbred line, were obtained from the Clemson University Genomics Institute (www.genome.clemson.edu/groups/bac/, verifi ed 5 May 2006) and clones containing Xcup15 were identifi ed by hybridization to an overgo probe (SOG0602) derived from pSB1790. Restriction fragment length polymorphism probe pSB1790 maps to S. bicolor chromosome 1 at 227.9 cM (P.J. Brown, 2006, personal communication) on the BTx623 × IS3620C map (Menz et al., 2002) and at 106.9 cM on the S. bicolor BTx623 × S. propinquum map (Bowers et al., 2003) . We should note that S. bicolor chromosome 1 corresponds to linkage group (LG) A of Peng et al. (1999) and to LG C of Chittenden et al. (1994) .
DNA was extracted from single BAC clones and used as templates in PCRs to confi rm the presence of locus Xcup15. From these clones, a single BAC, c0156b06, was selected for complete DNA sequencing because of its central position on the S. bicolor physical map (www.genome.arizona.edu, verifi ed 5 May 2006) relative to the location of Xcup15 and to the other BACs evaluated.
In a genome-wide scan of diversity at neutral markers such as SSRs, loci that show unusual patterns of allelic variation relative to genome-wide averages may be linked to targets of selection.
Randomly sheared libraries with inserts ranging from 1.0 to 4.0 kb were constructed and shotgun sequencing was performed with pGEM-T (Promega Corporation, Madison, WI) vector primers by MWGBiotech (Ebersberg, Germany). Sequence reads were generated to ≈8-fold coverage and assembled using Sequencher (Gene Codes Corporation, Ann Arbor, MI) followed by visual inspection of chromatograms. Th e DNA sequence of BAC clone c0156b06 was deposited in the National Center for Biotechnology Information (NCBI) nucleotide database (GenBank) under accession number DQ459071.
BAC Annotation and Sequence Comparisons
Genes were predicted using the Rice Genome Automated Annotation System (http:// ricegaas.dna.aff rc.go.jp/, verifi ed 5 May 2006). Th is system utilizes several gene prediction programs including FGENESH (trained with monocot sequences), GENESCAN (trained with Arabidopsis or maize sequences), and the Rice Hidden Markov Model (RiceHHM). We annotated genes only where all prediction programs were in agreement. We also queried against the rice genome sequence (www. gramene.org, verifi ed 5 May 2006) and the NCBI protein (nr), nucleotide (nt), and the expressed sequence tag (EST) databases. Predicted gene sequences were considered to be expressed if they were at least 99.8% similar to S. bicolor ESTs or EST consensus sequences. Th is criterion for sequence similarity was determined by pairwise comparisons of nucleotide diversity (π) observed in coding regions of cultivated sorghum (average π = 0.0020 or about one single nucleotide polymorphism, SNP, every 500 bp) . Repetitive sequences were identifi ed by searching against both the Poaceae RepBase (www.girinst. org, verifi ed 5 May 2006) and the TIGR Gramineae Repeat Database (http://tigrblast.tigr. org/euk-blast/index.cgi?project=osa1, verifi ed 5 May 2006). PipMaker (Schwartz et al., 2000) was used both to align DNA sequences from rice BAC clone OSJNBa0003A09 (GenBank accession AC118132), identifi ed by similarity searches above, and S. bicolor BAC c0156b06 and to generate sequence identity and dot plots.
Diversity Analysis
Plant Material
DNA sequences around Xcup15 were collected from 30 S. bicolor accessions including both cul ti vated (subsp. bicolor) (n = 17) and wild (subsp. arun di naceum) (n = 13) lines and a weedy relative, S. propinquum (Table 1) . Th ese accessions, comprising all S. bicolor subspecies and races, were chosen to maximize geographic distribution, morphological variation, and genetic diversity as assessed by variation at 74 SSR loci . Th is sampling strategy was devised to minimize the eff ects of population structure on tests of selection. Seeds from cultivated material (landraces) were 
former Soviet Union arundinaceum arundinaceum Outgroup S. propinquum The Philippines NA § NA † International Crops Research Institute for the Semi-Arid Tropics. ‡ Data from these accessions were not used in the CLR and GOF tests. § NA, not applicable.
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DNA Sequencing and Assembly
Total genomic DNA was isolated from individual seedlings following a standard CTAB extraction protocol and used as template in PCRs following previously established protocols except for segments (loci) 9a and 9b (see Results and Discussion), where annealing temperature was 62°C. PCR products were prepared for direct sequencing by treatment with exonuclease I (New England Biolabs, Ipswich, MA) and shrimp alkaline phosphatase (Promega Corporation, Madison, WI) following the enzyme manufacturers' instructions. Single-pass sequencing was performed at the Cornell University BioResource Center. Most individuals were homozygous so double-pass sequences were obtained only when putative heterozygotes were encountered. DNA sequences were assembled using Sequencher and alignments were visually inspected and manually edited. Each set of sequence chromatograms was inspected independently by at least two people. DNA sequences were deposited in the NCBI PopSet database under accession numbers DQ462793-DQ463100.
DNA Sequence Analysis
Summary statistics including levels of diversity based on both the average number of nucleotide diff erences per site between two sequences (π) and number of segregating sites (θ), interspecifi c divergence, and F st , were calculated using DnaSP v. 4.0 (Rozas et al., 2003) . Insertion-deletion polymorphisms were excluded from these analyses. Th ree statistics were employed to evaluate deviations from the neutral, equilibrium model:
(i) Th e HKA test (Hudson et al., 1987) was used to compare ratios of polymorphism to divergence for sampled regions assuming a neutral model (i.e., no selection). Each locus was tested against a reference locus comprised of pooled data from 204 loci . For intraspecifi c polymorphism the following parameters were used: S = 1075, N = 16, and L = 138243, where S is the number of variable sites, N is the sample size, and L is the total number of nucleotide sites surveyed in a sample of cultivated sorghum. For interspecifi c divergence we used K = 1948 and L = 136626, where, K is the average number of diff erences between cultivated S. bicolor and S. propinquum and L is the number of nucleotide sites evaluated. A Bonferroni correction was applied to account for multiple comparisons.
(ii) Tajima's D (Tajima, 1989 ) was employed to test for an excess of rare alleles. Following a selective sweep, new mutations arise in the selected region resulting in a skew in the distribution of nucleotide polymorphisms (site frequency spectrum). Th e population bottleneck associated with sorghum's domestication is, however, expected to aff ect the site frequency spectrum genome-wide; in particular, the variance of D will be much larger than under a neutral equilibrium model. Critical values of D were obtained from coalescent simulations of a simple bottleneck model that produces the same average number of segregating sites and the same average D as was observed in a genome-wide survey of variation in cultivated sorghum, and in which most of the parameters were estimated based on independent data : the average ancestral population mutation parameter (4N e μ) was fi xed at 3.8 based on variation in wild S. bicolor; the population recombination parameter (4N e r) was fi xed at 0.01 bp . Th e time of the bottleneck was 0.025(4N e ) generations ago, which would correspond to about 14 000 generations ago if all our assumptions were correct (although this is considerably longer ago than is suggested by archeological data, namely 3000 to 6000 years ago, more recent bottlenecks were incompatible with the observed average value of D). Assuming that the size of the current population and the ancestral population are the same, the intensity of the bottle neck (the size of the bottlenecked population relative to its duration) required to produce the observed value of S was 2.1, equivalent to a 128-fold reduction in population size. Th e distribution of D values generated by 10 000 simulations of this model had a 95% confi dence interval of −1.96, +2.35.
(iii) Th e CLR test (Kim and Stephan, 2002 ) was employed for detecting directional selection along a recombining chromosome. Th is test compares the likelihood of observed patterns of DNA sequence variation under a selective sweep model compared with a neutral equilibrium model of evolution. Th e CLR test was also used to generate maximum likelihood estimates (MLEs) of the location of the putative selected site (X) and the strength of selection (α = 2N e s). Th e following parameters were used: NCD = 0 (number of coding regions), R n = 0.023 [scaled recombination rate (4N e r) per nucleotide, where r = 4 × 10 -8 and 4N e = 570 000 ], θ − 1 (Watterson's estimate of θ from data; Watterson, 1978) , Nrepl 1 (number of replicates), LBs 1 and RBs 100250 (left and right boundaries on the candidate region where benefi cial mutation might be located), and intX 1000 (interval between initial guesses of X). Recombination rate was assumed constant across the region and θ was estimated from the data in order to make the CLR test conservative (Kim and Stephan, 2002) . Th e frequency of the benefi cial allele was set to 1. Th is method assumes the selected site was fi xed very recently. Only accessions for which DNA sequences were available for all loci were included in the analysis (see Table 1 ). Variable sites were coded as either ancestral (0) (if the nucleotide at the variable position was shared with S. propinquum) or derived (1).
Distinguishing between Positive Selection and Demographic Factors
A goodness-of-fi t (GOF) test (Jensen et al., 2005 ) was performed for discriminating whether CLR test rejections were due to selection or to nonequilibrium demographic eff ects. To determine signifi cance, GOF values obtained from our polymorphism data were compared with those estimated from 1000 data sets simulated under a selection scenario using the maximum likelihood parameter estimates of the location and intensity of selection from the CLR test. In this way, given that the dataset has rejected neutrality in favor of selection, the GOF sets the CLR test selection model as the null and determines whether the sweep model explains the data well, or whether the data simply poorly fi t a neutral, equilibrium model.
Results and Discussion
Gene Annotation and Comparative Analysis
To identify functional regions that might be targets of selection, and to obtain sequence infor ma tion allowing additional polymorphism surveys in the vicinity of Xcup15, we identifi ed and sequenced S. bicolor BAC clone c0156b06. Within this 112 592 bp clone, 20 complete genes were pre dicted (Table 2 ). Th ree of the predicted genes were associated with S. bicolor retrotransposons (either reverse tran scriptases or polyproteins). Of the 17 remaining genes, 15 had homologs in rice (P < e −16 ), 13 of which were collinear in a region on rice chromosome 3 (nucleotides 1 991 425 to 2 070 448) ( Table 2) . Homologous S. bicolor transcripts could be identifi ed for 65% Comparative sequence analyses indicated that gene order and orientation were well conserved between the 112 592 bp region containing Xcup15 (on S. bicolor chromosome 1) and an 82 915 bp region on rice chromosome 3 (Fig. 1) . Areas of noncollinearity were primarily located in two regions corresponding to the S. bicolor retroelements and their associated fl anking sequences (Fig. 1) .
Sequence Diversity Assessment
To assess diversity in cultivated and wild accessions within the Xcup15 region, genomic DNA sequences were collected from 10 segments (loci) ranging in size from 240 to 1964 bp and spanning 99 kb centered on Xcup15 (Supplemental Table 1 ). Because regions with higher neutral mutation rates provide greater power to detect reduc tions in variation (and less selective constraint), we assayed mostly intronic and intergenic sequences (79.2% of the ≈7.7 kb of DNA sequence obtained from each individual was from noncoding DNA). In only one instance (locus 7) was coding sequence solely analyzed. Th e candidate SSR, Xcup15, resides within locus 9b (Tables 3 and S-1).
Levels of within and between species variation (diversity and divergence, respectively) in the sampled region are shown in Table 3 . Cultivated sorghums were invariant at six of the 10 loci and average nucleotide diversity (π) was 0.0008 (range was 0.0-0.0071), a considerably lower estimate than obtained in a previous study of other genomic regions in the same sorghum accessions (average π was 0.0023) . In general, levels of diversity based on the number of segregating sites (θ) were lower than those based on π (Table  3) . Notably, locus 9-10b was unusually diverse. Th is locus, from an intergenic region rich in miniature inverted repeat transposable elements (MITEs) between the PP2C gene and a predicted protein, accounted for most (≈90%) of the variation detected within cultivated sorghum.
In contrast to the cultivated material, wild accessions were polymorphic at all loci. Average diversity levels based on π (0.0027) and θ (0.0031) were similar and about three times higher than in cultivated sorghum. Accession L-WA15 was heterozygous at three loci and three wild samples had a MITE insertion within locus 9-10a (data not shown). As observed in cultivated lines, locus 9-10b exhibited the highest levels of variation (Table 3) . Notably, a ≈1 kb transposon-like insertion was observed within locus 9b (which includes SSR locus Xcup15) of S. propinquum (outgroup). Th is insertion was absent in all cultivated and wild accessions.
Diversity and divergence trends for cultivated and wild sorghums within the genomic region con taining Xcup15 are shown in Fig. 2 . Directional selec tion is expected to reduce levels of diversity in cultivated relative to wild sorghum around the selection target. Previous values based on genome-wide estimates of nucleotide diversity have indicated that cultivated accessions exhibit about two-thirds the diversity observed in wild material . In the Xcup15 region, however, cultivated lines were even less diverse, showing one-third the diversity of wild accessions. Th e contrast is very striking, however, when polymorphism data for locus 9-10b, an extreme outlier with similar polymorphism levels in both cul- Fig. 1 . Dot plot showing areas of sequence similarity between Sorghum bicolor BAC c0156b06 and rice chromosome 3. The x axis shows the rice genome coordi nates (nucleotides), and sorghum coordinates are on the y axis. Note that the sorghum BAC sequence is in opposite orientation to the rice sequence (i.e., lower right line in the diagonal corresponds to sorghum gene 1 on Table 2 ). Arrows on the right side of the fi gure span the sorghum retrotransposon insertions. tivated and wild sorghums (see above), were excluded from the analysis. Here, the amount of variation in cultivated sorghum was only 5% of that observed in wild accessions. Th e magnitude of this reduction in diversity is comparable with that reported for domestication-related genes in maize. In contrast to genomewide estimates that indicate that maize contains ≈57% of the variability found in its progenitor (Wright et al., 2005) , the promoter regions of the maize teosinte branched1 (tb1) (Doebley et al., 1995) and teosinte glume architecture1 (tga1) (Dorweiler et al., 1993) alleles possess 3% (Wang et al., 1999) and 5% (Wang et al., 2005) , respectively, of the variation observed in wild relatives, the teosintes. Both tb1 and tga1 have been shown to be targets of domestication-related selection in maize (Wang et al., 1999 (Wang et al., , 2005 .
Our data indicate that average nucleotide divergence (1.4%) (Table 3 ) between cultivated S. bicolor and S. propinquum in the Xcup15 region was similar to previous estimates (Hamblin et al., 2004 . Divergence at one locus (9b), however, is twice as high (2.8%) (Fig. 2) . Th is locus contains the Xcup15 SSR and encompasses part of the 5′ UTR and upstream region of the PP2C gene. Th ese patterns probably refl ect diff erences in underlying mutation rates and/or functional constraint on these regions.
F st measures the level of genetic differentiation between populations (here, cultivated and wild sorghums) based on allele frequencies. Under a scenario of directional selection in cultivated sorghum, F st values are expected to be higher at the selection target and adjacent loci, but diminish with distance as recombination pre vents the unusual diff erentiation associated with selection from occurring. Although the average value of F st observed across the entire Xcup15 region (0.15) is comparable with a previous estimate based on genomewide SSR data (F st = 0.13) , loci corresponding to the third intron (locus 9a) and the 5′ UTR (locus 9b) of the PP2C gene revealed a considerably greater degree of diff erentiation (0.52 and 0.46, respectively) ( Fig. 2 and Table 4 ). Th us, the F st analysis suggests that selection may have occurred in or near loci 9a and 9b (the PP2C gene).
A Candidate for Directional Selection in Cultivated Sorghum
Several features of the data lend support to the hypothesis that recent directional selection has shaped diversity patterns around Xcup15. Th is assertion is based in part on previous observations on levels of DNA sequence diversity from S. bicolor and also polymorphism data obtained from other grass species. First, diversity levels across this region in cultivated accessions were very low, about one-third of previous estimates of genome-wide diversity using the same accessions . Second, simulation studies have shown that LD increases aft er a selective sweep (Przeworski, 2002; Kim and Nielsen, 2004) . A particular haplotype (extending for at least 99 kb) predominated among cultivated sorghums while wild accessions showed no such haplotype structure (Fig. 3) . Previous estimates in sorghum have indicated that LD decays, on average, by 15 kb . Although low levels of polymorphism in the Xcup15 region precluded our ability to assess LD levels, the haplotype structure in cultivated sorghums was unusual 1.36 † Number of accessions for which complete DNA sequence data were obtained. In some cases, N is greater than the number of accessions surveyed because heterozygous accessions were counted as two chromosomes. ‡ Number of segregating sites. § Lengths may not match those reported in Table S-1 because insertion-deletion polymorphisms were excluded from this analysis. ¶ The actual numbers were multiplied by this to obtain the reported numbers. # Locus contains Xcup15.
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The and resembled that observed in swept regions of other species. For example, DNA sequence data from maize, a randomly mating outcrossing species (Brown and Allard, 1970) , have suggested that selection produces higher LD. In a survey of six genes (1.2-10 kb in length) in a diverse set of tropical and semitropical lines of maize, Remington et al. (2001) found that LD declined rapidly (within 200-1500 bp) for fi ve genes but that it decayed much more slowly (within ≈10 kb), for sugary 1 (su1). Subsequent analysis showed that su1, an enzyme in the starch biosynthesis pathway, had been under directional selection during either domestication or breeding (Whitt et al., 2002) . Extended LD has been also been detected around the maize allele of the Y1 gene that encodes for yellow endosperm (Palaisa et al., 2003) . In rice, nucleotide diversity data surrounding the xa5 locus, a bacterial blight resistance gene, showed signifi cant LD between sites 100 kb apart for resistant accessions but no signifi cant association among sus ceptible types (Garris et al., 2003) . Rice, like sorghum, is a predominantly selfi ng species although outcrossing rates in rice (<1%) (Rong et al., 2004) are much lower than estimates for sorghum (5-30%) (Ollitraut, 1987; Doggett, 1970) .
And fi nally, support for recent selection in the region we have studied in sorghum comes from our identifi cation of a fi xed G→A transition between wild (including S. propinquum) and cultivated accessions at position 56 122 bp of the BAC clone (corresponding to the 5′ UTR of the PP2C gene) and ≈105 bp upstream of SSR Xcup15 (Fig.  3) . Previous analysis of variation across a total of 23 174 bp never yielded a fi xed diff erence between DNA sequences from wild and cultivated sorghums. Moreover, DNA sequence alignment of this region to sequences from sugarcane, maize, and rice indicated that these taxa exhibit the same nucleotide (G) observed in the wild sorghums at position 56 122 bp, confi rming that the A allele in the cultivated is derived. Th e serine-threonine phosphatase (PP2C gene) that harbors this fi xed tran sition was most similar to Arabidopsis thaliana gene At3g51370 and belongs to one of the largest gene families described in plants. According to Kerk et al. (2002) , Arabidopsis contains 69 such genes. Moreover, the PP2C Arabidopsis homolog is a member of the least studied groups of phosphatases, class D (Schweighofer et al., 2004) . Serine-threonine phosphatases have been implicated in mechanisms such as abscisic acid (ABA) signal transduction, regulation of fl ower development (Schweighofer et al., 2004) and seed germination (Yoshida et al., 2006) . Two sorghum domestication-related QTLs Fig. 2 . Diversity, divergence, and population differentiation (F st ) for 10 loci in a 99 kb region fl anking Xcup15 in cultivated and wild Sorghum bicolor lines. The y axis shows levels of diversity (×100) and divergence (×100) and S. bicolor BAC c0156b06 coordinates (bp) are on the x axis (actual numbers were multiplied by 100 to obtain the reported numbers). Solid and dashed trend lines represent diversity and divergence, respectively. Cultivated and wild sorghum accessions are denoted by open squares and circles, respectively. The solid gray line with asterisks shows F st values, a measure of population differentiation between cultivated and wild lines. Loci sampled are designated by numbers and letters along the lines (see Table 3 ). The asterisk to the right of the graph denotes average divergence levels between cultivated sorghum and S. propinquum based on genome-wide estimates. The arrow head along the x axis indicates the approximate location of SSR locus Xcup15.
co-localize with Xcup15, one for plant height (Lin et al., 1995) and the other for primary branch number in the infl orescence (P.J. Brown, 2006, personal communication) . Although the prospects are tantalizing, we have no evidence at present that the PP2C gene does or does not infl uence any of these phenotypes in S. bicolor. Th e high level of LD (haplotype structure) in the cultivated lines should also lead to caution in the acceptance of the PP2C gene as being the actual target of selection without additional functional and/or association studies (see below).
Statistical Evidence for Selection
We employed statistical methods to determine if the patterns of diversity observed in cultivated sorghums in the genomic region surrounding Xcup15 differed signifi cantly from an equilibrium neutral model and in a manner consistent with a selection scenario in cultivated sorghum. Directional selection (i.e., fi xation of a favorable mutation) will result in decreased variation at linked neutral regions and the size of the aff ected region is a function of both the regional rate of recombination and the strength of selection. To test if diff erences among loci in the amount of diversity within species relative to divergence between species were signifi cant we employed the HKA test. Because the amount of DNA sequence variation observed within a species (diversity) is expected to be proportional to the amount of DNA sequence divergence between species at neutrally evolving loci (Kimura, 1983) , signifi cant diff erences in these ratios might suggest the local eff ects of selection. If a particular locus shows a low ratio of diversity to divergence relative to other loci, for example, directional selection may have been responsible for the reduced diversity and the locus possibly encodes or infl uences a domestication-related trait. Conversely, higher diversity than expected under a neutral evolution model might indicate the eff ects of balancing or diversifying selection (the locus could be involved in local adaptation or crop improvement). Results from HKA tests for the 10 loci surveyed are presented in Table 4 . Among the comparisons performed for cultivated sorghum (each of 10 loci vs. a "reference locus" composed of genome-wide data) (see Materials and Methods), only locus 9b (the same locus that showed the fi xed nucleotide diff erence between cultivated and wild sorghums) exhibited a signifi cant P value (0.0009) aft er applying the Bonferroni correction. Th is fi nding indicates a defi ciency of polymorphism in cultivated lines relative to divergence and is consistent with expectations under a model of recent directional selection. None of the HKA tests performed on loci from the wild accessions were signifi cant (Table 4) . Although not ideal, comparison of wild data to the cultivated reference locus was carried out due to the lack of an appropriate reference dataset derived exclusively from the wild sorghums, and is conservative for detection of directional selection.
Another feature of the sequence data that can be used to infer the action of selection is the frequency distribution of polymorphisms. Assuming no recom bi nation, a selective sweep of a new mutation or unique variant eliminates all linked neutral variation. With time, as the population recovers from the sweep, new mutations will accumulate, initially at low frequencies. Th is skew towards an excess of rare variants is measured by Tajima's D, which compares the diff erence between two measures of diversity, θ w and θ π . Th e θ w estimate (θ in Table 3 ) is based on the number of segregating sites and is, therefore, aff ected mostly by low frequency variants, while θ π (π in Table 3 ) is based on average nucleotide diversity and is mostly infl uenced by intermediate frequency alleles. Because the means of these two estimators are expected to be equal under neutrality (see Fay and Wu, 2005) , signifi cantly negative values of D are consistent with directional selection whereas significantly positive values are consistent with balancing selection. Results for Tajima's D (Table 4) (Simonsen et al., 1995) . Unlike the previous tests, in which loci are tested individually, the likelihood-based statistical test or CLR evaluates the signifi cance of a local reduction of variation along a physically linked but not necessarily contiguous stretch of DNA (see Materials and Methods) . Departure from neutrality is, therefore, tested with sequence data from all loci simultaneously. Moreover, the CLR estimates the strength and location of directional selection from DNA sequence data. We tested polymorphism data for the cultivated and wild groups separately and also for the combined dataset to evaluate species-wide patterns. Results from this composite likelihood analysis rejected the neutral equilibrium model in favor of a strong selective sweep or hitchhiking model (MLE of the strength of selection or α = 10087) only in the combined data set. When population size (N e ) is set to 142 500 (see Materials and Methods), the MLE of α suggests a selection coeffi cient (s) of 0.035. Th is value of s is similar to those obtained for the tga1 (s = 0.03-0.04) (Wang et al., 2005 ) and tb1 (s = 0.04-0.08) (Wang et al., 1999 ) genes of maize. As indicated above, both loci have been shown to be targets of domestication-related selection in maize (Wang et al., 1999 (Wang et al., , 2005 . In addition, the CLR test located the target of selection at position 26 107 bp of the BAC clone sequence (between genes 2 and 3) ( Table 2 ) and ≈30 kb upstream of the fi xed transition (at 56 122 bp) observed between wild and cultivated sorghums (see above). Except for multiple transposable element-related coding sequences, the region containing the predicted target comprises the longest expanse of DNA containing no predicted genes (Table 2) . It is worth noting, however, that simulation studies have recently demonstrated that the MLE of the target of selection is less reliable in partially sequenced regions, having a very large relative mean square error relative to estimates based on complete sequence (J.D. Jensen, 2006, personal communication) . In order to quantify this result, 95% confi dence intervals were calculated via parametric bootstrap and were seen to encompass ≈39% of the total region, between positions 6487 and 45722. To improve precision of our localization, therefore, we would need to collect contiguous DNA sequence polymorphism data from across the entire 99 kb sample region (a very signifi cant sequencing eff ort).
Distinguishing Selection from Demographic Factors
Results from the CLR test indicated that patterns of diversity in this region of the sorghum genome are a better fi t to a selective sweep model than to an equilibrium neutral model. Th is test, however, is not robust to undetected population structure or a recent bottleneck (Jensen et al., 2005) , processes that can generate large deviations from equilibrium and patterns of sequence variation that resemble those expected under a selection scenario. For example, an alternative interpretation of the diversity patterns observed for cultivated and wild sorghums (Fig. 2) could involve demographic amplifi cation of ancestral stochastic variation via a population bottleneck associated with cultivation. Alternatively, this pattern could represent a preexisting sweep signal (i.e., selection occurred in the wild sorghums and was amplifi ed in cultivated lines through one or more bottlenecks) (see Pool et al., 2006) .
To address this issue, we took the maximum likelihood estimates from the CLR test and employed them in the GOF which has been shown to have high sensitivity for discriminating between a hitchhiking model and nonequilibrium demography (Jensen et al., 2005) . Results from the GOF test suggest that the hitchhiking model fi ts the data poorly (P = 0.12; the lower the value the worse the fi t) and, there fore, the signal detected by the CLR method can not be distinguished from demography. We should note, however, that other factors might account for the poor fi t observed with the GOF test. First, Jensen et al. (2005) have indicated that deviations from a simple selection model (one that assumes a single, recent, and complete sweep) can generate a large Λ GOF (and therefore a small P value), even if selection has taken place. Additionally, joint analysis of the wild and cultivated data artifi cially created population structure (see F st results, Table 4), which has been shown to lead to false positives with the CLR test (Jensen et al., 2005) . Furthermore, the sweep model (Kim and Stephan, 2002) assumes that the data are sampled from a random mating population at equilibrium. Sorghum, however, is a predominantly selfi ng species and it is not a population in equilibrium . While the GOF test appears to be robust to violations of a number of these assumptions in Drosophila (Jensen et al., 2005) , the eff ects of these violations are as of yet unexplored in a species such as sorghum. Th us, the results of the CLR test should be viewed only as being consistent with, and not evidence for, recent strong selection in this region of the sorghum genome.
Implications for Identifying Targets of Directional Selection
Th e power to detect directional selection is directly proportional to the amount of within-species diversity. Th at is, higher levels of variation provide more power for detecting signifi cant reductions in variation likely associated with selection (Wright et al., 2005; Yamasaki et al., 2005; Hamblin et al., 2006) . Cultivated sorghum exhibits one-fourth of the amount of genetic variation observed in a comparable sample of geographically and genetically diverse maize land races (Hamblin et al., 2004 . Th erefore, the low levels of diversity observed within sorghum, coupled with the relatively low divergence to the outgroup (S. propinquum), represent major factors limiting our ability to unambiguously determine the target of selection in this genomic region.
When employing genome-wide scans of diversity to identify signals of selection, there are both advan tages and disadvantages associated with having exten sive haplotype structure or LD. For example, species with fairly extensive LD such as rice and sorghum require lower marker density for suitable genome coverage compared with species in which LD decays much more rapidly (e.g., maize). Conversely, extensive haplotype structure also hinders exact localization of the selection target. Because one major haplotype was observed along the 99 kb Xcup15 region of cultivated sorghum, at least 12 predicted genes (1, 3, 4, 5, 6, 7, 8, 9, 10, 13, 14, and 15 ; Table 2 ) should be considered as potential selection can didates. Given that we were unable to establish the precise boundaries of this putative sweep, genes outside this range are possible candidates as well, despite the evidence of a fi xed derived mutation at the PP2C noted in the previous section.
Th e number of genes that one needs to consider as selection candidates will also depend on the inter play between recombination and genome organ ization. A major diff erence between the genome organization of maize and sorghum (as well as rice and Arabidopsis) is the interspersion patterns of genes and repetitive sequences. Sorghum and rice have very compact genomes (≈772 and 470 Mb, respectively, Arumuganathan and Earle, 1991; Goff et al., 2002) and gene density tends to be high (Goff et al., 2002; Kim et al., 2005) . Gene density in maize, on the other hand, is much lower (SanMiguel et al., 1996; Tikhonov et al., 1999) , with genes separated by large blocks of highly methylated repetitive elements (Bennetzen et al., 1994) that are recombinationally suppressed. For example, although LD extends for up to 90 kb upstream of tb1
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The Plant Genome [A Supplement to Crop Science] November 2006 No. 1 (Clark et al., 2004) , a gene that has played a major role in the morphological transition from teosinte to maize (Doebley et al., 1995) and is the best documented target of strong directional selection in plants (Wang et al., 1999) , tb1 is the only gene present within this range. Th e remaining 90 kb upstream region is composed almost entirely of transposable elements.
Implications for Association Studies and Future Directions
Genome-wide scans of diversity performed in highly diverse panels of maize have yielded dozens of candidates associated with domestication and/or crop improvement Wright et al., 2005; Yamasaki et al., 2005) . Th e success of population genetics-based approaches in maize, therefore, prompted us to evaluate this methodology applied to a selfi ng species as a way of identifying targets of directional selection. As this study reveals, DNA sequence polymorphism data support our initial fi ndings based on SSR genome-wide scans of diversity ) that recent directional selection likely shaped diversity patterns around locus Xcup15. Th us, as has been shown in maize, population genetics-based approaches can also lead to the successful identifi cation of candidate genomic regions in sorghum. However, the domestication process in sorghum may not have been as simple as it apparently has been in maize (see Matsuoka et al., 2002) . While we assume a single, recent, and complete sweep, it is possible that the history of cultivated sorghum was complex and involved multiple domestication events and/or postdomestication gene fl ow between wild and cultivated sorghum.
Th is study has also revealed that unambiguous identifi cation of the target of directional selection in sorghum might not be as straight forward as it presumably has been in maize, because of the overall low levels of variation, more extensive LD, and other departures from equilibrium in sorghum . Th is challenge might also be faced when such studies are conducted in species that exhibit genomic characteristics and mating systems similar to sorghum. As with the genomic signatures of directional selection, we do not really know what the signal of diversifying selection (pertaining to traits such as fl owering time, plant height, and disease resistance) will look like in sorghum. From a practical point of view, however, use of directed (i.e., starting from traits of interest instead of random scans of diversity) and integrated approaches (i.e., combining population development, QTL mapping, and assessment of variation in diversity panels) should pave the way for the successful identifi cation of functionally interesting alleles for crop improvement and line development in S. bicolor.
